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Titan. This paper reports on the gas-phase ion-molecule reactions of the three dehydro-N-pyridinium
radical cation isomers with propene. Photodissociation ion-trap mass spectrometry experiments are used
to measure product branching ratios and reaction kinetics. Reaction efficiencies for 2-dehydro-Npyridinium, 3-dehydro-N-pyridinium and 4-dehydro-N-pyridinium with propene are 70%, 47% and 41%,
respectively. The m/z 106 channel is the major product channel across all cases and assigned 2-, 3-, and
4-vinylpyridinium for each reaction. The m/z 93 channel is also significant and assigned the 2-, 3-, and
4-N-protonated-picolyl radical cation for each case. H-Abstraction from propene is not competitive under
experimental conditions. Potential energy schemes, at the M06-2X/6-31(2df,p) level of theory and basis
set, are described to assist in rationalising observed product branching ratios and elucidating possible
reaction mechanisms. Reaction barriers to the production of vinylpyridinium (m/z 106) + CH3 are the
lowest identified for the 3- and 4-dehydro-N-pyridinium reactions, in support of the observed dominance
of the m/z 106 ion signal. Ethylene loss via ring-mediated H-transfer along the propyl group is found to be
the lowest energy pathway for the 2-dehydro-N-pyridinium reaction, suggesting a preference toward m/z
93 (N-protonated-picolyl radical cation) over the experimentally observed products. Entropic bottle-necks
along the m/z 93 pathway however, associated with ring-mediated H-atom transfer, are responsible for
the dominance of m/z 106 in the 2-dehydro-N-pyridinium + propene reaction. For all three isomers,
computed barriers for all observed reaction channels were below the entrance channel, suggesting these
reactions can contribute to molecular weight growth in extraterrestrial environments with accelerated
reaction rates in low temperature regions of space.

Disciplines
Medicine and Health Sciences | Social and Behavioral Sciences

Publication Details
Bright, C. C., Prendergast, M. B., Kelly, P. D., Bezzina, J. P., Blanksby, S. J., da Silva, G. & Trevitt, A. J. (2017).
Highly efficient gas-phase reactivity of protonated pyridine radicals with propene. Physical Chemistry
Chemical Physics, 19 (46), 31072-31084.

Authors
Cameron Bright, Matthew Prendergast, Patrick Kelly, James Bezzina, Stephen J. Blanksby, Gabriel da
Silva, and Adam J. Trevitt

This journal article is available at Research Online: https://ro.uow.edu.au/smhpapers/5144

Highly Efficient Gas-Phase Reactivity of Protonated Pyridine
Radicals with Propene

Cameron C. Bright,1
Matthew B. Prendergast, 1
Patrick D. Kelly, 1
James P. Bezzina, 1
Stephen J. Blanksby,2
Gabriel da Silva,3
Adam J. Trevitt1*

Authors’ Affiliations:
1. School of Chemistry, University of Wollongong, Wollongong NSW 2522, Australia.
2. Central Analytical Research Facility, Institute for Future Environments, Queensland
University of Technology, Brisbane QLD 4001, Australia.
3. Department of Chemical Engineering, The University of Melbourne, Parkville VIC 3010,
Australia.

1

Abstract
Small nitrogen containing heteroaromatics are fundamental building blocks for many
biological molecules, including the DNA nucleotides. Pyridine, as a prototypical Nheteroaromatic, has been implicated in the chemical evolution of many extraterrestrial
environments, including the atmosphere of Titan. This paper reports on the gas-phase ionmolecule reactions of the three dehydro-N-pyridinium radical cation isomers with propene.
Photodissociation ion-trap mass spectrometry experiments are used to measure product
branching ratios and reaction kinetics. Reaction efficiencies for 2-dehydro-N-pyridinium, 3dehydro-N-pyridinium and 4-dehydro-N-pyridinium with propene are 70%, 47% and 41%,
respectively. The m/z 106 channel is the major product channel across all cases and assigned
2-, 3-, and 4-vinylpyridinium for each reaction. The m/z 93 channel is also significant and
assigned the 2-, 3-, and 4-N-protonated-picolyl radical cation for each case. H-abstraction
from propene is not competitive under experimental conditions. Potential energy schemes, at
the M06-2X/6-31(2df,p) level of theory and basis set, are described to assist in rationalising
observed product branching ratios and elucidating possible reaction mechanisms. Reaction
barriers to the production of vinylpyridinium (m/z 106) + CH3 are the lowest identified for the
3- and 4-dehydro-N-pyridinium reactions, in support of the observed dominance of the m/z
106 ion signal. Ethylene loss via ring-mediated H-transfer along the propyl group is found to
be the lowest energy pathway for the 2-dehydro-N-pyridinium reaction, suggesting a
preference toward m/z 93 (N-protonated-picolyl radical cation) over the experimentally
observed products. Entropic bottle-necks along the m/z 93 pathway however, associated with
ring-mediated H-atom transfer, are responsible for the dominance of m/z 106 in the 2dehydro-N-pyridinium + propene reaction. For all three isomers, computed barriers for all
observed reaction channels were below the entrance channel, suggesting these reactions can
contribute to molecular weight growth in extraterrestrial environments with accelerated
reaction rates in low temperature regions of space.
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1. Introduction
Nitrogen containing heterocycles are essential building blocks of many biological molecules.
DNA/RNA nucleotides are derived from the base molecules pyrimidine and purine while the
amino acids histidine and tryptophan contain imidazole and indole side chains, respectively.
Pyridine is believed to play a part in the rich and diverse chemistry of circumstellar and
interstellar space1-4 and is implicated in pre-biotic chemistry and astrobiology.5-6 While a
large portion of simple hydrocarbon chemistry is well described by current models, the
reactivity of many similar nitrogenous molecules, and especially their ions and radical
counterparts, are not available in current astrochemical databases.7-8 New laboratory based
studies are thus required to provide reaction rates and product pathways to ensure the
development of increasingly accurate predictive models.9-12 Reliable predictive models and
improved understanding of extraterrestrial chemical systems can then provide direction to
searches for aromatic nitrogen heterocycles outside our solar system.
A large portion of the interstellar and circumstellar chemical inventory is composed of
radicals and ions. This is due, in varying degrees, to a combination of primary (cosmic rays,
high energy photons and shock waves) and secondary (secondary electrons, stellar winds,
magnetospheric and auroral ions and particles) ionisation sources.13 One potential source of
molecular ionisation in space is proton transfer from H3+, the second most abundant
interstellar molecule.14 It acts as a potent proton donor and thus ion-molecule reactions of H3+
with any aromatic N-heterocycle would lead to prompt protonation. Further, the harsh UVfield of interstellar and circumstellar space together with the ubiquity of cosmic rays presents
an environment supporting C-H and N-H bond fission and radical formation of protonated
and neutral N-heterocycles alike. Previous studies have shown that UV (266 nm) photolysis
of small protonated N-heterocycles, such as the pyridinium cation, follows the pathway of H2
elimination via a dissociative πσ* state coupled non-adiabatically to an optically-bright ππ*
bound state.15-16 An alternative radical formation pathway is homolysis of a C-H bond.
Unlike H2 loss, homolysis and elimination of atomic hydrogen leads to a site-specific and
highly reactive σ-type radical that is located in the plane of the molecule and is unable to
delocalise into the π system. Although there are no studies on VUV photolysis of pyridinium,
studies of the photolysis of neutral pyridine at 193 nm have reported H atom loss with yields
between 9 and 10%.17-18 Photodissociation of benzene at 193 and 157 nm also results in
atomic hydrogen loss.19 Therefore, it is expected that pyridinium cations may undergo C-H
bond homolysis via VUV photolysis to form σ-type radical cations. Positively charged ions
3

containing a spatially separated σ-radical are by definition distonic radical cations with steric
and electronic separation of the charge and radical centres.20 The reactions of these distonic
radical cations with small hydrocarbons may play a role in the chemical evolution of
extraterrestrial environments, particularly molecular weight growth and synthesis of complex
bio-relevant molecules, yet to this point few studies have been conducted.21
In this work, the reaction of propene with 2-dehydro-N-pyridinium, 3-dehydro-N-pyridinium
and 4-dehydro-N-pyridinium radical cations is investigated. These reactions were chosen due
to their likely involvement in the chemistry of Titan’s upper atmosphere, where ionospheric
pyridinium cations and propene have been tentatively identified22 and stratospheric propene
has been positively identified.23-24 Laboratory investigations of Titan’s atmosphere have also
shown the formation of pyridinium cations from the reaction of pyridine with hydrocarbon
cations.25 Here, reaction kinetics and product branching ratios are measured at room
temperature and 2.5 mTorr pressure using laser photodissociation ion-trap mass spectrometry.
Quantum chemical calculations and a simplified kinetic analysis are used to support
experimental observations.

2. Experimental
2.1 Ion trap Mass spectrometry
A modified linear ion-trap mass spectrometer (Thermo Fisher Scientific LTQ XL) was used
to investigate gas-phase ion-molecule reactions of 2-, 3-, and 4-dehyro-N-pyridinium radical
cations with propene. The mass spectrometer was modified to include a vacuum sealed quartz
window in the removable backing plate to give optical access along the internal axis of the
ion trap. This allows irradiation of trapped ions by a 266 nm Nd:YAG laser source
(Continuum Minilite). The mass spectrometer was equipped with a gas handling manifold
that allowed the introduction of neutral gases directly into the ion trap. The gas handling
manifold is connected to a one gallon steel cylinder containing helium gas doped with neutral
reagent(s). A mass flow controller (MKS GE50A, 5 sccm) regulated the flow to 1.3 sccm
directly into the ion-trap which was found to maintain the optimal working pressure within
the trap. See Ref 26 for a more detailed description of the instrument.
The iodinated precursor cations 2-iodopyridinium, 3-iodopyridinium and 4-iodopyridinium
were generated via electrospray ionisation of 20 µM methanolic solutions of 2-iodopyridine
4

(98%, Sigma-Aldrich), 3-iodopyridine (98%, Sigma-Aldrich) and 4-iodopyridine (97%,
Sigma-Aldrich), respectively, introduced into the ESI source at 5 µL min-1, operating in
positive ion mode. Radical precursor ions ([M+I]+ at m/z 206) were mass selected with an
isolation window of 1 Th and q-parameter of 0.250. Other instrument parameters include:
electrospray voltage (4 kV), capillary temperature (250 °C), sheath gas flow (8 arb. units),
auxiliary gas flow (0 arb. units) and sweep gas flow (0 arb. units). All mass spectra presented
herein are an average of at least 100 scans. Generation of dehydro-N-pyridinium radical
cations is achieved by either collision-induced dissociation (CID) or photodissociation (PD)
of the iodopyridinium precursor ions (m/z 206). The normalised collision energy was
typically 20-25% (arbitrary units) with an activation time of 30 ms for CID experiments.
Dehydro-N-pyridinium radical cation generation via photolysis was achieved with the
optically coupled 266 nm laser. The precursor isolation and trapping sequence was used to
trigger the flashlamp of the coupled Nd:YAG laser (4th harmonic, 266 nm). The laser Qswitch is then triggered internally approximately 140 µs later for optimal power density (ca.
30 mJ cm-2). The beam enters the ion-trap through a 2.5 mm orifice in the back lens and
passes axially down its internal length to overlap the trapped ion cloud.

2.2 Kinetics Measurements
Dehydro-N-pyridinium radical cations (m/z 79), generated from laser photolysis of the
corresponding iodinated precursor, were mass-isolated in the presence of a controlled
concentration of propene gas (Sigma Aldrich, 99.99%) and held within the ion trap for user
defined time periods between 0.030–10,000 ms. Ion-molecule reactions took place under
pseudo first-order conditions due to the large excess of propene within the trap relative to the
small population of dehydro-N-pyridinium radical ions. The flow of propene into the ion trap
was maintained at 1.3 sccm for at least 12 h prior to kinetic measurements to ensure a stable
propene concentration. Propene concentration within the ion trap was varied by using
propene doped He gas cylinders with varying propene concentration. Pseudo first-order
kinetics were measured for 2-, 3-, and 4-dehydro-N-pyridinium + propene reactions. Kinetic
measurements of each dehydro-N-pyridinium isomer + propene reaction, each taking 20–30
min, were iterated continuously over the span of a day (6 h) and repeated for at least 4
different propene concentrations to ensure measurement-to-measurement and day-to-day
consistency in measured rate coefficients.
5

Kinetic plots were produced by integrating the area under a specified m/z region (± 0.5 Da)
and normalising to the integrated signal over the entire spectrum (m/z 50-300). The
normalised, integrated signal intensity was averaged over all scans for a given reaction time
(mass spectrum) on a given run (kinetic measurement). Each kinetic measurement datum was
weighted based on variance then averaged and plotted against reaction time to produce a
single kinetic curve which was fitted with either an exponential or biexponential function.
First-order rate coefficients extracted from the fit were plotted against propene number
density and second order rate coefficients were extracted from the slope of linear regression
fits to these data. Reaction efficiencies (Φ) were calculated from second-order rate
coefficients as a percentage of Langevin model27 collision rate for ion-molecule collision
pairs. Ultimately, an upper limit of ±50% uncertainty in the second-order rate coefficient
results from a high uncertainty in ion-trap gas pressure estimated at 2.5 mTorr ± 50%.
2.3 Quantum Chemical Calculations and Kinetic Modelling
Quantum chemical calculations were carried out to rationalise observed reaction products and
elucidate possible mechanisms. Reaction enthalpies were computed at the M06-2X/631G(2df,p)28 level using Gaussian 09.29 All stationary points were assigned as minima,
possessing no imaginary frequencies, or as transition states, possessing exactly one imaginary
frequency whose normal mode projection approximates motion along the reaction coordinate.
Ambiguous transition states were verified using intrinsic-reaction coordinate calculations.
Calculations for molecules containing iodine were performed at the M06-2X level of theory
using a LANL2DZ + 6-31G(2df,p) split basis set. All 0 K enthalpies include the zero-point
vibrational energy (ZPE) correction and are reported in kcal mol-1. For potential energy
schemes and mechanisms in the following sections, stationary points are labelled R for
reactants, I for intermediates or P for products. Subscript ‘o’, ‘m’, or ‘p’ indicate ortho, meta,
or para substituted isomers that result from the reaction of 2-, 3-, and 4-dehydro-Npyridinium, respectively.
The MultiWell 2017 suite of programs30-32 was used for a state counting analysis of
competing transition states. Geometries, vibrational frequencies and calculated enthalpies for
transition states and intermediates investigated were taken from Gaussian 09 calculations
described above.
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3. Results
3.1 Synthesis of Dehydro-N-pyridinium Radical Cations
The 2-, 3-, and 4-iodopyridinium cations (m/z 206) were isolated, held within the ion-trap,
and subjected to either collision-induced dissociation (CID) or photodissociation (PD, 266
nm). Mass spectra resulting from PD and CID of the three [M+I]+ ions are presented in the
Supporting Information (Figure S1). Both CID and PD of [M+I]+ ions, in all cases, resulted in
the formation of signal at m/z 79 (-127 Da), indicative of I atom loss and formation of the
radical cation. CID of 2-iodopyridinium ions also generated a signal at m/z 78 which is
assigned as the pyridinylium cation (C5H4N). PD resulted in essentially exclusive generation
of photoproducts at m/z 79. This is reminiscent of aryl-iodide photolysis studies that have
shown the C-I bond to be effectively ruptured at 266 nm to produce σ-type distonic radicals26,
33-36

.

Activation of 2-iodopyridinium, 3-iodopyridinium and 4-iodopyridinium ions by both CID
and PD resulted in the formation of dehydro-N-pyridinium ions at m/z 79. However, PD holds
the distinct advantage of near-exclusive product selectivity. Kinetic measurements presented
herein make use of the photoissociation synthetic route unless stated otherwise.
Isomerisation between 2-, 3-, and 4-dehydro-N-pyridinium ions would lead to mixed ion
populations. Therefore, the possibility of H-atom migration to the radical site from adjacent
ring substituents was investigated. A computational assessment of the energy barriers of
isomerisation was conducted with results summarised in the Supporting Information (Figure
S2). H-migration transition state barriers were found to be in excess of 55 kcal mol-1 for each
isomer relative to the N-centred π-radical. C-I bond dissociation energies of 2-, 3-, and 4iodopyridinium were calculated to be 70.6, 69.7 and 69.3 kcal mol-1, respectively. Photolysis
at 266 nm (hν = 107.5 kcal mol-1) would deposit, at most, 38.2 kcal mol-1 of excess energy
into the aromatic radical photolysis product following C-I bond dissociation. These barriers
will prohibit H-atom migration under these experimental conditions. As will be discussed
below, experimental results support this assertion. The unique distribution of product peak
intensities observed in Figure 1 at the reaction time of 30 ms, together with distinguishable
kinetic traces (see later, Figure 4) suggest that the photolysis of these three radical precursor
ions result in three distinct dehydro-N-pyridinium radicals. These results will be discussed in
detail in the following sections. Previous studies also suggest energetic barriers to
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dehydropyridinium H-migration are sufficiently large to prevent isomerisation under similar
experimental conditions.37-38
Radical cations at m/z 79 ([M]+) generated through PD of 2-iodopyridinium, 3iodopyridinium and 4-iodopyridinium cations were isolated and stored in the ion trap for
varying reaction times in the presence of controlled concentrations of propene. Reaction time
was varied from 0.03 to 10000 ms. Mass spectra for 30 ms reaction time and [propene] =
2.62 × 1010 molecule cm-3 for the three dehydro-N-pyridinium isomers are shown in Figure 1.
The dominant product peak in all cases is the [M + 42 – 15]+ ion at m/z 106 rationalised by
C3H6 addition and subsequent CH3 loss to presumably yield the corresponding
vinylpyridinium isomer. Minor product ions are also observed at m/z 121 (C3H6 adduct), m/z
120 (C3H6 addition with H loss), m/z 93 (C3H6 addition then C2H4 loss) and m/z 80 (direct Hatom abstraction). These product peaks grow in intensity with the decrease of m/z 79 over
increasing reaction times (0.03 to 10,000 ms).
Also observed are low intensity peaks at m/z 111 (Figure 1 b and c), m/z 95 (Figure 1a) and
m/z 82 (Figure 1a) that cannot be assigned from expected propene reaction channels. These
peaks result from reactions with background oxygen which has entered the ion trap via the
ESI source. To prove this, mass spectra were acquired for 2-, 3-, and 4-dehydro-N-pyridinium
radical cation reactions with background concentrations of O2 (~6.4 × 109 molecules cm-3)
and no propene. A major product peak at m/z 111 and minor product at m/z 95 are observed
for both 4- and 3-dehydro-N-pyridinium + O2 reactions with relative signal intensities that
align well with those of the 4- and 3-dehydro-N-pyridinium + C3H6 reaction spectra. In
contrast, 2-dehydro-N-pyridinium + O2 reactions generated a significantly higher intensity
m/z 95 signal as the major product and an additional minor peak at m/z 82. The relative
intensities of these peaks align well with those observed in 2-dehydropyridinium + C3H6
reaction mass spectrum. These findings are in agreement with conclusions drawn from
oxidation studies of phenyl-type radical cations which have observed the formation of
peroxyl- (addition of O2) and oxyl- (addition of O2 followed by loss of atomic oxygen)
radicals39-40 and also indicate a potential HCO loss channel39. Based on the observation of
these product channels in the absence of propene and past precedent of phenyl reactivity
toward oxygen, the ions at m/z 111, m/z 95 and m/z 82 are assigned oxygen reaction products.
Figure 2 outlines mechanistic pathways for the reaction of 4-dehydro-N-pyridinium with
propene, largely based on the phenyl radical + propene reaction scheme proposed by Kaiser
8

et al41 and studied by Kislov et al.42 Nucleophilic addition of propene to the radical site
dominates over H-abstraction reactions which are seen as a low intensity peak at m/z 80.
Addition of propene can result in two possible adducts, I1p and I2p in Figure 2, that are
connected by intermediate I3p. The primary product at m/z 106 results from β-elimination of
CH3 from either adduct I2p or intermediate I4p, following a hydrogen shift from adduct I1p. 2dehydro-N-pyridinium and 3-dehydro-N-pyridinum follow similar reaction pathways and will
be discussed later. Potential energy (PE) schemes for the reaction of 2-, 3-, and 4-dehydro-Npyridinium with propene are presented and discussed below together with kinetic
measurements that are also used to further characterise this set of reactions.

9

Figure 1. Mass spectra from the reaction of propene (black) and O2 (blue) with dehydro-N-pyridinium radical
cations generated by PD of (a) 2-iodopyridinium, (b) 3-iodopyridinium and (c) 4-iodopyridinium. Reaction time
is 30 ms and propene concentration = 2.62 x 1010 molecule cm-3. Each mass spectrum is an average of 1000
acquisitions. O2 reaction spectra have been scaled to fit under C3H6 reaction mass spectra.
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Figure 2. Proposed reaction scheme for 4-dehydro-N-pyridinium + propene. Reactants (R0p) lead primarily to
the production of a C7H8N isomer at m/z 106 (P3p) assigned as 4-vinylpyridine. H-abstraction (m/z 80) pathway
is not shown. R, I, and P indicate reactants, intermediates and products respectively. Subscript p indicates para
substitution.

3.2 Dehydro-N-pyridinium + Propene Kinetics and Reaction Mechanism
Mass spectra for the reactions of 2-, 3-, and 4-dehydropyridinium with varying concentrations
of propene were recorded as a function of ion trap storage time. The normalised, integrated
intensity of select product peaks within a ±0.5 Th window were plotted against reaction time
(0.03 to 5000 ms) to produce kinetic traces that describe the decay of m/z 79 signal intensity
and the growth of propene reaction product signals. Representative kinetic curves for m/z 79,
80, 93 and 106 for each of the three dehydropyridinium isomers are shown in Figure 3.
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Figure 3. Kinetic curves for m/z 79 (red), 106 (blue), 93 (green) and 80 (pink) from reactions of (a) 2-dehydroN-pyridinium, (b) 3-dehydro-N-pyridinium and (c) 4-dehydro-N-pyridinium with propene (1.28 × 1010
molecules cm-3). A single-exponential function fit to the decay curve of m/z 79 is shown as a black line and fit
residuals are plotted above each kinetic trace. Systematic trends in the residuals are described in the text.
Measurements between 0.500 and 5.000 s are not displayed. Error bars are 2σ. Kinetic curves for minor
products at m/z 120 and 121 are not shown because they would lie behind m/z 80 data points.
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A single exponential, Eq. (1), was fit to the decay curve of m/z 79. Fit residuals are plotted
above each kinetics plot (Figure 3). Although appearing to be an adequate fit at first glance,
the residuals display a non-random distribution around the zero-point indicating systematic
deviation from the fitted exponential function. Eq. (1) predicts measured values typically
within ±1.5% of full scale at the point of largest deviation from measured data, within
measurement error of (±5–10%, 2σ). A biexponential function, Eq. (2), provides a closer fit
and randomly distributed residuals in all cases but the additional uncertainty introduced when
calculating additional fitting parameters often left the two resulting pseudo-first order rate
coefficients inseparable within 2σ uncertainty limits. A single exponential function was used
for the purpose of extracting rate coefficients. A plot of pseudo first-order rate coefficients
versus propene number density, shown in Figure 4, follows a linear trend (in accord with the
pseudo first-order conditions) and second-order rate coefficients were extracted from the
slope of these linear fits.

 =  exp −

( ) 

+

 =  exp −

( ) 

+  exp −

Eq. 1
( ) 

+  Eq. 2

Potential energy schemes (Figure 5, 6 and 7) were produced to rationalise experiments and
will be discussed throughout. Reaction enthalpies were calculated at the M06-2X/631G(2df,p) level of theory and are presented relative to the calculated enthalpy of each
reaction’s respective entrance channel.
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Figure 4. Pseudo first-order rate coefficients for the decay of m/z 79 plotted against the propene number density
within the ion trap. The least-squares linear fit from which second-order rate coefficients were extracted are
shown (results in Table 1). Error bars represent 2σ uncertainty (obscured by data point markers).

.

Kinetic measurements show the complete decay of signal at m/z 79 to baseline levels for all
three reactions investigated indicating complete reaction of each dehydro-N-pyridinium
isomer. Second-order rate coefficients extracted from the decay curve of m/z 79, presented in
Table 1, show increasing reaction efficiencies of 41%, 47% and 70% for 4-, 3-, and 2dehydro-N-pyridinium respectively, reported as the measured rate coefficient as a percentage
of collisional frequency calculated using the Langevin collision model.27 This trend in
reaction efficiency is rationalised in part by considering the electron withdrawing nature of
the nitrogen group. Protonation at the N-position draws electron density away from the
radical site, which increases its electrophilicity. This leads to a stabilising effect on reaction
transition states due to increased polarisation and an effective lowering of the reaction
barrier.43-44 As radical electrophilicity increases, the effect becomes more pronounced with
increasing proximity between radical and charge site. This effect has previously been
observed and described in greater detail in the gas45 and liquid phase46-47 for a range of
dehydro-N-pyridinium-type radical cation abstraction reactions. Further, the ionised carbenelike resonance structure of pyridinium results in a comparatively sharp increase in reaction
efficiency from 3-dehydro-N-pyridinium to 2-dehydro-N-pyridinium compared to that
between 4-dehydro-N-pyridinium and 3-dehydro-N-pyridinium due to partial delocalisation
14

of positive charge to the α and γ ring positions. This leads to enhanced radical electrophilicity
and facilitates more efficient nucleophilic attack by the unsaturated double bond of propene
at these positions.

Relative signal
m/z

Neutral Loss

Assigned

intensity at t = 5 s

Fragment

Product

(% of total ion
signal)

2-Dehydro-N-pyridinium + Propene
k2nd =
(7.83 ± 0.10) x 10

-10

3

-1 -1

cm molecule s

Φ = 70.02 ± 0.96 %

80

C3H5

4.9 ± 0.3

93

C2H4

P4o

23.2 ± 0.7

106

CH3

P3o

57.8 ± 0.8

120

H

P1o P2o P5o

5.9 ± 0.3

121

2.3 ± 0.3

3-Dehydro-N-pyridinium + Propene
k2nd =
(5.28 ± 0.05) x 10

-10

3

-1 -1

cm molecule s

Φ = 47.19 ± 0.44%

80

C3H5

2.2 ± 0.1

93

C2H4

P4m

9.0 ± 0.2

106

CH3

P3m

73.7 ± 0.6

120

H

P1m P2m P5m

4.3 ± 0.1

121

6.6 ± 0.2

4-Dehydro-N-pyridinium + Propene
k2nd =
(4.57 ± 0.09) x 10

-10

Φ = 40.87 ± 0.77%

3

-1 -1

cm molecule s

80

C3H5

93

C2H4

P4p

1.6 ± 0.1

106

CH3

P3p

86.6 ± 0.7

120

H

P1p P2p P5p

1.9 ± 0.1

121

1.6 ± 0.1

3.5 ± 0.2

Table 1. Measured second order rate coefficients, reaction efficiencies, and relative signal intensities for all
major product channels for the reaction of 2-, 3-, and 4-dehydro-N-pyridinium with propene. Efficiencies (Φ)
are reported as kexp/klangevin × 100%. Statistical uncertainty for measured reaction efficiencies are given (2σ).
Absolute accuracy is estimated at ± 50%.

Rate coefficients for the growth of signal at m/z 106 are well matched to the decay of m/z 79
for all three isomers. The m/z 106 channel is by far the major product channel and accounts
for approximately 58%, 74% and 87% of the total ion signal measured at reaction completion
(t = 5 s) for 2-, 3-, and 4-dehydro-N-pyridinium, respectively. Signal at m/z 106 is assigned as
vinylpyridinium (P3) possibly formed via two pathways. The first pathway begins with
adduct I1 and proceeds via a 1,2-H shift (I1 → I4) and subsequent β-scission with no reverse
15

barrier (I4 → P3) to eliminate a methyl group. The highest barrier along this reaction
pathway lies 22.1 to 25.3 kcal mol-1 below the entrance channel and is the lowest energy
pathway to any product on the potential energy scheme for 3-, and 4-dehydro-N-pyridinium
reactions (Figures 6 and 7), supporting the observed dominance of m/z 106 signal during
kinetic measurements. The second pathway to vinylpyridinium proceeds via β-scission of
adduct I2 (I2 → P3) with barrier heights lying 20.3, 15.8 and 16.7 kcal mol-1 below the
entrance channel for 2-, 3-, and 4-dehydro-N-pyridinium reactions, respectively (Figures 5, 6
and 7).

16

Figure 5. Potential energy scheme for the 2-dehydropyridinium + propene reaction showing major intermediates and expected products. Energies were calculated
using the M062X/6-31G(2df,p) method and are presented relative to the entrance channel, R0o. Enthalpies are reported in kcal mol-1.
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Figure 6. Potential energy scheme for the 3-dehydropyridinium + propene reaction showing major intermediates and expected products. Energies were calculated
using the M062X/6-31G(2df,p) method and are presented relative to the entrance channel, R0m. . Enthalpies are reported in kcal mol-1.
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Figure 7. Potential energy scheme for the 4-dehydropyridinium + propene reaction showing major intermediates and expected products. Energies were calculated
using the M062X/6-31G(2df,p) method and are presented relative to the entrance channel, R0p. . Enthalpies are reported in kcal mol-1.

19

The m/z 106 product channel is a major pathway but is decreasingly prominent across
reactions of 4-, 3-, and 2-dehydro-N-pyridinium with a corresponding increase in preference
towards the m/z 93 channel and, to a lesser extent, m/z 80 and 120 channels. The m/z 93 ion
signal is assigned as the N-protonated-picolyl radical (P4). Three pathways are proposed for
the formation of P4 for each of the three dehydro-N-pyridinium isomer reactions. The first
proceeds via a 2,3-H shift along the propyl group (I1→I6) followed by β-scission (I6→P4) to
yield the N-protonated-picolyl radical and C2H4. The two alternative pathways involve Hatom transfer from the pyridinium ring adjacent to the propyl substituent (I1→I5). I5
comprises two potential intermediates resulting from H-atom transfer from the two ring
positions ortho to the propyl group, degenerate in the case of I5p. H-atom transfer from the
terminal propyl carbon to the ring-radical (I5→I6), followed by β-scission (I6→P4) results in
formation of the N-protonated-picolyl radical. For the 2-dehydro-N-pyridinium reaction, a
transition state for I5o2 → I6o was located with pure electronic energy 0.2 kcal mol-1 higher
than that of intermediate I5o2. However, applying the zero-point vibrational energy correction
resulted in the transition state 0.3 kcal mol-1 lower in energy than the intermediate. This
transition state (I5o2 → I6o) was verified by IRC calculations and may provide a case in point
for the need to improve the accuracy of ZPE calculations.48-49 The two-step mechanism of
radical transfer along the propyl group via intermediate I5 is 11.6, 12.0 and 15.3 kcal mol-1
lower in energy than the former, single step 2,3-H shift mechanism for the 4-, 3-, and 2dehydro-N-pyridinium reactions respectively. It is the second most energetically favourable
pathway on the potential energy surface for 4-, and 3-dehydro-N-pyridinium reactions, and
the most energetically favourable pathway for 2-dehydro-N-pyridinium.
Calculated transition states enthalpies indicate that the ring mediated, m/z 93 pathway
identified for the 2-dehydro-N-pyridinium + propene reaction (I1o→I5o2→I6o→P4o) is
energetically favourable and might be expected to result in more m/z 93 signal than is
observed experimentally (Figure 3). Therefore, quantum state counting was performed on
several competing transition states to quantify entropic factors contributing to the observed
product branching ratios. Figure 8 summarises results for the 2-dehydro-N-pyridinium +
propene reaction, in which transition states leading from I1o to I4o, I5o1, I5o2 and I6o were
considered as the rate limiting step along each pathway to P3 (m/z 106) or P4 (m/z 93).
Structures for each transition state are shown. The calculated sum of states through each
transition state (TS) from I1o is given as a percentage of the total number of energetically
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accessible states for the four competing TSs, given R0o – TS of vibrational energy available
to the molecule. An Eckart tunnelling correction50-51 is also applied. This calculated sum of
states is proportional to reaction flux moving from I1o, through the four competing transition
states in the forward direction under collision-free conditions, and is compared to
experimental branching ratios below. The analysis was repeated for 3-, and 4-dehydro-Npyridinium + propene reactions and results are summarised in Table 2.

Figure 8. Competing transition states in the 2-dehydro-N-pyridinium + propene reaction m/z 106 and m/z 93
channel originating from intermediate I1o. The four transition states shown are the rate limiting step on each
respective pathway. Dashed lines represent multiple reaction steps that have been excluded because they lie
lower in energy (m/z 93 channels) or are highly entropically favoured (m/z 106 channel). Percentages given are
the expected reaction flux from I1o through each competing transition state in forward direction only, calculated
using MultiWell 2017. Only the four transition states shown and their corresponding minima are considered.
Values are in kcal mol-1.
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Transition State
I1o→I4o (m/z 106)
2-dehydro-Npyridinium

Sum of
States (noncorrected)
18
8.93 x 10

I1o→I5o1 (m/z 93)
I1o→I5o2
I1o→I6o
I1m→I4m (m/z 106)

3-dehydro-Npyridinium

I1m→I5m1 (m/z 93)
I1m→I5m2
I1m→I6m
I1p→I4p (m/z 106)

17

Sum of States
(tunnelling
corrected)
19
1.26 x 10
17

1.32 x 10
18
5.97 x 10
14
2.84 x 10
16
7.46 x 10

2.08 x 10
18
6.12 x 10
14
4.06 x 10
17
1.24 x 10

16

1.09 x 10
16
7.45 x 10
12
4.59 x 10
19
1.17 x 10

6.66 x 10
16
5.28 x 10
12
1.12 x 10
18
8.95 x 10

17

Degeneracy

Proportion of
States (%)

2

77.0

1
1
3

0.6
18.6
3.7

2

57.5

1
1
3

25.2
17.3
0.0

2

98.2

4-dehydro-N16
16
2
0.2
1.41 x 10
2.21 x 10
11
12
3
0.0
1.50 x 10
1.22 x 10
Table 2. Results of state counting analysis for transition states leading from intermediate I1 for each reaction.

pyridinium

I1p→I5p (m/z 93)
I1p→I6p

A direct comparison of predicted reaction flux to experimentally observed branching ratios
cannot be made unless all transition states and intermediates on the potential energy surface
are considered. However, the simplified analysis above agrees with branching ratio trends
observed experimentally. For 2-dehydro-N-pyridinium, the proportion of states leading from
I1o to P3o (m/z 106) compared to P4o (m/z 93) is 77% to 23%, agreeing well with the
experimental branching ratios of m/z 106 to m/z 93 channels of 71% to 29%. Results for 4dehydro-N-pyridinium agree similarly well with experimental values. 3-dehyro-N-pyridinium
results under-predict m/z 106 by 30% compared to experimental values, indicating the
I2m→P3m pathway that was not considered in this analysis may contribute more significantly
to the m/z 106 channel relative to the 2- and 4-dehydro-N-pyridinium reactions. The
dominance of m/z 106 over m/z 93 is partially attributed to the tightness of transition states
I1→I5 and I5→I6, which are 5 and 6-membered rings, respectively, as a hydrogen is
transferred between the aliphatic chain and the pyridinium ring. Reaction flux in the m/z 93
channel via I5 is limited, at least partially, by the entropic bottle-neck of this required ringformation, rather than the energetic barrier of the transition state. These calculations also
predict significant tunnelling for all transition states except for I1o→I5o2, further leading to
preference of the m/z 106 channel.
A minor product at m/z 121 (not shown in Figure 2) is observed in kinetic experiments which
grows in over increasing reaction time and then maintains a stable signal of 3.5% of total ion
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count for 2-dehydro-N-pyridinium, 6.6% for 3-dehydro-N-pyridinium, and 2.3% for 4dehydro-N-pyridinium up to the reaction time limit of 10 s. This indicates the presence of an
unreactive, open shell C8H11N isomer or isomers. Possible candidates for this unreactive m/z
121 population are the resonance stabilised intermediates I4 and I7. These intermediates lie in
deep wells, 60 to 72 kcal mol-1 below the entrance channel and thus possess significant
barriers to isomerisation. The species responsible for signal at m/z 121 also display minimal
reactivity towards background oxygen, shown by the flat signal intensity measured over
storage times up to 10 seconds, indicative of resonance stabilised radical lack of reactivity.52
Secondary addition of propene is not observed. Formation of CH3, C2H4 and H loss products,
and rearrangement to resonance stabilised m/z 121 isomers, are likely too for fast for
secondary addition to I1 and I2 to occur.
Although no barrier was found with enthalpy greater than the entrance channel for any of the
three dehydro-N-pyridinium radicals, measured reaction efficiencies, which are less than
100% and vary between each radical isomer, indicate the rate of reactant collisions is not the
rate limiting step. Therefore, the reaction entrance channel was investigated further
computationally. Redundant coordinate scans indicate a barrierless lowering of energy as
reactants approached from infinite distance. Transition states were then located lying 10.4,
10.0, and 7.7 kcal mol-1 below the entrance channel for 2-, 3-, and 4-dehydo-N-pyridinium
reactions, respectively. A corresponding pre-reactive complex was located for the reaction of
4-dehydro-N-pyridinium and propene, lying in a very shallow well 0.02 kcal mol-1 below the
addition barrier. Previous studies have revealed the ability of pyridinium radical cations to
form clusters with acetylene53 and hydrogen cyanide54 at room temperature, indicating ionic
complexes with far greater stability than what has been calculated for the [4-dehydro-Npyridinium + propene]•+ complex. In contrast, the 7.7 kcal mol-1 of energy released on
formation of the [4-dehydro-N-pyridinium + propene]•+ complex is expected to allow the
reaction to proceed over the relatively small addition barrier of 0.02 kcal mol-1 to preference
the covalently-bound reaction adduct. Pre-reactive complexes for 2-, and 3-dehydro-Npyridinium reactions could not be optimised using the M06-2X/6-31G(2df,p) or M06-2X/631+(2df,p) method, despite transition states suggesting their existence. Optimised transition
states are given in Figure 9. Although each reaction is energetically barrierless overall,
reflection of reaction flux from [dehydro-N-pyridinium + propene]•+ pre-reactive complexes
back to reactants may account for the differences in measured rates between radical isomers,
and the observation of reaction efficiencies lower than 100%. Involvement of pre-reactive
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complexes have been shown to significantly influence radical reaction kinetics in other
systems,55-57 however further investigation is needed to quantify their effect on the dehydroN-pyridinium + propene system. Computational kinetic modelling (RRKM-ME) studies of
the phenyl radical + propene system42 indicates back-reaction of intermediates to reactants
accounts for up to 11% of reaction flux at 7.6 Torr and 1500 K. The study reports increasing
re-dissociation of intermediates to reactants with decreasing pressure, calculated from 7600
Torr to the lower limit of 7.6 Torr. Although calculated reaction flux in this re-dissociation
channel drops sharply towards 0% as temperature decrease below 500 K, the relatively low
pressure (~2.5 mTorr) at which dehydro-N-pyridinium + propene reactions are measured may
lead to a small reduction in measured reaction efficiencies away from 100% due to
contributions from a similar re-dissociation channel. Nonetheless, the addition of propene to
the three radical isomers is overall barrierless and could contribute to molecular weight
growth processes in low temperature, extraterrestrial environments.

Figure 9. Optimised geometry of transition states for the addition of propene to each dehydro-N-pyridinium
isomer. Distance between the radical site and secondary carbon is given in Angstroms. Calculations were
performed using M062X/6-31G(2df,p).

4. Conclusions
Ion-trap mass spectrometric product detection experiments were conducted to investigate the
reaction of the three dehydro-N-pyridinium isomers with propene at room temperature and
2.5 mTorr. The m/z 106 reaction channel was measured as the dominant reaction pathway and
is rationalised through the production of 2-, 3-, or 4-vinylpyridinium for the reaction of 2-, 3-,
and 4-dehydro-N-pyridinium respectively. Other significant pathways include m/z 93 (N24

protonated-pyridyl radical), m/z 80 (H-abstraction pathway) and m/z 120 (propenyl
pyridinium). A stable signal at m/z 121 at extended reaction times is predicted to result from
two possible resonance stabilised, open shell C8H11N isomers, to which no secondary
addition of propene is observed. The reaction efficiency of 2-, 3-, and 4-dehydro-Npyridinium + propene was measured at 70 ± 1 %, 47.2 ± 0.4 %, and 40.9 ± 0.9 % respectively
(statistical errors at 2σ). Absolute accuracy of these measurements is estimated at ± 50% due
to uncertainty in ion-trap pressure. H-abstraction from propene was not competitive under
experimental conditions.
Potential energy schemes were produced to rationalise product branching ratios and elucidate
possible mechanisms. The results reveal several possible pathways to m/z 106, 93, 80, 120
and 121 product ions. Reaction barriers to the production of vinylpyridinium (m/z 106) + CH3
were the lowest identified for the 3- and 4-dehydro-N-pyridinium reactions, supporting
observed dominance of signal at m/z 106. This pathway involves a 1,2-H shift along the
propyl group following nucleophilic addition and subsequent β-scission to eliminate CH3.
Ring-mediated H-transfer along the propyl group followed by C2H4 elimination to form Nprotonated-picolyl radical cations (m/z 93) was identified as the lowest energy pathway for
the 2-dehydro-N-pyridinium + propene reaction. However, quantum state counting revealed
entropic bottle necks associated with ring mediated H-transfer transition states in the m/z 93
channel, further rationalising the observed dominance of m/z 106 over m/z 93 in all three
reactions despite both product channels possessing reaction barriers of similar energy. No
barriers were found with enthalpies higher than the entrance channel; the reaction may
therefore be viable in cold, extraterrestrial environments. Differences in measured reaction
rates between radical isomers may be due to formation of pre-reactive complexes prior to
nucleophilic addition of propene, but further computational investigation is needed to
quantify the effect on reaction kinetics. Future studies into the reaction of the three dehydroN-pyridinium radical cations with other small, unsaturated hydrocarbons, such as propyne,
acetylene and allene, will assist in developing a predictive understanding of this class of
reaction.
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